BACKGROUND: Intravascular volume therapy is crucial in septic patients to improve tissue perfusion and maintain stable hemodynamics. Modified fluid gelatins (MFG) and medium weight hydroxyethyl starches (HES) are the most widely used synthetic colloids. Our aim in this study, performed in septic rats challenged by cecal ligation and puncture (CLP), was to investigate the effects of HES and MFG on pulmonary capillary leakage and to determine whether an antiinflammatory mechanism was involved. METHODS: Animals were randomly allocated to eight groups: saline control; CLP and saline; CLP and HES (7.5, 15, and 30 mL/kg); CLP and MFG (7.5, 15, and 30 mL/kg). Each group had 20 rats, 10 of which were used for pulmonary capillary leakage and 10 for other measurements. Four hours after CLP, the specified doses of HES or MFG were infused. Six hours after surgery, pulmonary capillary leakage, levels of tumor necrosis factor-␣, interleukin-1␤, and macrophage inflammatory protein-2, intercellular adhesion molecule-1 mRNA expression, myeloperoxidase activity, lung histological changes, and nuclear factor-B activation were measured. RESULTS: HES and MFG significantly attenuated the increase in capillary leakage in a dose-dependent manner. In addition, HES could decrease tumor necrosis factor-␣, interleukin-1␤, and macrophage inflammatory protein-2 expression, intercellular adhesion molecule-1 mRNA expression, myeloperoxidase activity, neutrophil infiltration, and nuclear factor-B activation, whereas MFG could not. CONCLUSIONS: HES may attenuate capillary leakage by modulating an inflammatory response, whereas an antiinflammatory mechanism was not involved in the effects of MFG on capillary leakage.
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The plasma volume-expanding properties of a colloid can be attributed to many physical factors, such as molecular size, molecular charge, and colloid osmotic pressure (3) . Using a porcine septic shock model with concomitant capillary leakage syndrome, Marx et al. (4) found that the artificial colloids HES, modified fluid gelatin (MFG) 4%, and MFG 8% maintained plasma volume and colloid osmotic pressure. It has even been suggested that HES reduces capillary leakage by a direct sealing effect (5) . Moreover, previous studies in our laboratory (6) have indicated that HES 200/0.5 could attenuate an inflammatory response in the lung, heart, and liver during endotoxemia and sepsis, suggesting that colloids have antiinflammatory effects on capillary leakage. Despite there being numerous studies, only a few have compared the role of different intravascular volume replacement regimens in capillary leakage or have investigated whether an antiinflammatory mechanism is involved.
Inflammatory cascading reactions, including a variety of mediators that occur in sepsis, e.g., tumor necrosis factor ␣ (TNF-␣), interleukin (IL)-1␤, macrophage inflammatory protein-2 (MIP-2), and intercellular adhesion molecule-1 (ICAM-1), induce increased capillary leakage, which in turn results in interstitial fluid accumulation, loss of protein, and tissue edema (7).
The aim of our study was to compare the effects of 4% MFG and HES (mean molecular 130 kDa, substitution ratio 0.4) on pulmonary capillary leakage associated with sepsis induced by cecal ligation and puncture (CLP), and to investigate whether they exhibit beneficial effects by modulating inflammatory mediators.
METHODS
Adult male Sprague Dawley rats weighing 250 -320 g were housed in an approved facility with a 12 h light/12 h dark cycle and were fed with rat chow with free access to tap water before surgery. All procedures were approved by the ethics committee of Nanjing University Medical School and performed in accordance with The Guide for the Care and Use of Laboratory Animals from the National Institutes of Health (NIH Publication No. 85-23, revised 1996).
The rats were randomly assigned to eight groups: saline control (30 mL/kg); CLP and saline (30 mL/kg); CLP and HES (7.5, 15, and 30 mL/kg); CLP and MFG (7.5, 15 , and 30 mL/kg). Each group had 20 rats, 10 of which were used for pulmonary capillary leakage and 10 for other measurements.
Animals were anesthetized with 2% sodium pentobarbital in saline (40 mg/kg, IP; Sigma Chemical, St. Louis, MO). The left carotid artery was cannulated with a microtip transducer for continuous recording of the macrohemodynamic variables, mean arterial blood pressure (MAP), and heart rate (HR) during the course of experiment. A tail vein was catheterized to administer saline and various doses of HES or MFG.
Baseline (0 min) hemodynamic variables were recorded before the experiment. CLP was subsequently performed using a 20-gauge needle and double puncture technique, as previously described, with minor modifications (8) . Briefly, an approximately 2 cm midline incision was made in the abdomen. The cecum was isolated carefully and then ligated at about 20% of the total length just below the ileocecal valve to avoid bowel obstruction. The cecum was punctured twice on the antimesenteric side with a sterile 20-gauge needle and was then gently squeezed to extrude the fecal material into the peritoneal cavity. Then, cecum was placed back in the abdomen, and the incision was closed in two layers with sutures. All rats were then resuscitated with 1 mL of saline injected subcutaneously. Sham-operated controls were treated in a similar manner, but without ligation and puncture.
Four hours after CLP, each group was treated with 0.9% normal saline solution or different doses of HES (HAES-steril 130/0.4, 6%, Fresenius Kabi, Bad Homberg, Germany) or MFG (Gelofusine, 4%, B Braun, Melsungen, Germany) via the tail vein. Animals were killed 6 h after the operation, and the lungs were harvested for subsequent measurements.
Pulmonary capillary leakage was determined with the Evans blue dye extravasation method. Two percent Evans blue (20 mg/kg; Sigma Chemical CO) was injected IV via the tail vein 15 min before death. The lung tissues were excised and weighed. To each sample of tissues, 4.0 mL formamide was added and incubated at 37°C for 24 h. If necessary, the incubation time was prolonged, until the blue color of the samples completely disappeared. After filtration with a glass filter, the absorbance of the filtrate was measured at 620 nm in a Beckman spectrophotometer. The total amount of dye can be calculated by means of a standard calibration curve. Microvascular permeability in the lungs was shown as the g of Evans blue in every mg of tissue.
The pulmonary levels of inflammatory cytokines/ chemokine were quantified using specific ELISA kits for rats according to the manufacturers' instructions (TNF-␣ from Diaclone Research, Besancon, France; IL-1␤ and MIP-2 from Biosource Europe SA, Niveiles, Belgium). Values were expressed as pg/mg protein.
To determine ICAM-1 mRNA expression, total RNA was extracted with TriPure Isolation Reagent (Roche Molecular Biochemicals, Rotkreuz, Switzerland) and quantified by absorption at 260 nm. Reverse transcription was implemented using reverse transcription system (Promega, Madison, WI) according to the protocol. We used ␤-actin as normalization control. The 5Ј to 3Ј sequences of the primers were ␤-actin: CAGAGCAAGAGAGGCATCCTGGCAGC-TCATAGCTCTTCTC ICAM-1: ATGGTCCTCACCTGGACAAG TCCTC-TGGCGGTAATAGGTG A total volume of 100 L reaction contained 2 L of reverse transcription product, 1.5 mM MgCl 2 , 2.5 U Taq DNA polymerase, 100 M dNTP, 0.1 M primer and 1ϫ Taq DNA polymerase magnesium-free buffer (Promega, Madison, WI). Then the reaction mixture was overlaid with two drops of mineral oil (Sigma Chemical CO, St. Louis, MO) and incubated in a thermocycler (MiniCycler PTC 150, MJ Research Inc., Waltham, MA) programmed to predenature at 95°C for 2 min, denature at 95°C for 1 min, anneal at 60°C for 1 min and extend at 72°C for 2 min for a total of 33 cycles (ICAM-1/␤-actin). The last cycle was followed by a final incubation at 72°C for 5 min and cooled to 4°C. The polymerase chain reaction products were 535 bp (␤-actin) and 351 bp (ICAM-1), respectively. They were electrophoresed on a 1.5% agarose gel stained with ethidium bromide. The gel was captured as a digital image and analyzed using Scion Image software (Frederick, MD). Values in each sample were normalized with ␤-actin control.
Nuclear factor-B (NF-B) activation was determined by electrophoretic mobility shift assay. Briefly, nuclear protein was extracted and quantified as described previously and electrophoretic mobility shift assay was performed using a commercial kit (Gel Shift Assay System; Promega, Madison, WI) following the conventional methods in our laboratory (6 Myeloperoxidase (MPO) activity in the lungs was determined as an index of tissue neutrophil sequestration. To measure tissue MPO activity, frozen lungs were thawed and extracted for MPO, following the homogenization and sonication procedure as described previously (9) . MPO activity in supernatant was measured and calculated from the absorbance (at 460 nm) changes resulting from decomposition of H 2 O 2 in the presence of o-dianisidine.
We chose four groups to observe morphological changes: saline control; CLP and saline (30 mL/kg); CLP and HES (30 mL/kg); CLP and MFG (30 mL/kg). The lungs were evaluated for neutrophil infiltration. Briefly, the lung lobes were fixed in 10% formalin, washed, dehydrated with graded alcohols, and embedded in paraffin. Sections were cut (5 mm thick) and stained with hematoxylin and eosin for light microscopy. Slides were read by a pathologist blinded to the study groups, and scored using a scoring system developed by Simons et al. (10) to grade the degree of lung injury. Briefly, lung injury was graded from 0 (normal) to 4 (severe) in four categories: interstitial inflammation, neutrophil infiltration, congestion, and edema. The total lung injury score was calculated be adding the individual scores for each category.
Data were expressed as mean Ϯ sem. Statistical significance was determined by analysis of variance (ANOVA) followed by Student-Newman-Kuels test as a post hoc test. Differences were considered to be statistically significant if P was Ͻ0.05.
RESULTS
MAP and HR were comparable at baseline among groups (data not shown). There were no significant differences in the monitored physiological variables (MAP and HR) among the eight animal groups at baseline (0 min) conditions or during 6 h after CLP within groups, and all values were within normal ranges for adult male rats.
The pulmonary capillary leakage was significantly increased by threefold at 6 h after CLP in the lungs (Fig. 1) . Except that 7.5 mL/kg MFG showed no significant reduction in this value, HES and MFG significantly decreased it in a dose-dependent manner. Thirty milliliters per kilogram of HES and MFG was the most effective dose.
We used MPO activity to study the functional effect of HES on neutrophil influx into the lungs. As shown in Figure 2 , MPO levels were significantly increased in the CLP-challenged group. After treatment with HES, MPO activity was markedly inhibited, and the maximal inhibitory effect was observed at 15 mL/kg. However, no significant difference was noted between the CLP plus saline group and the CLP plus MFG groups.
CLP-induced sepsis was associated with marked increases in the protein levels of TNF-␣ (Fig. 3A) , IL-1␤ (Fig. 3B) , and MIP-2 (Fig. 3C) . HES could significantly suppress TNF-␣, IL-1␤, and MIP-2 elevation. With respect to these inflammatory markers, 15 mL/kg HES expressed the highest protective effect on IL-1␤, and 30 mL/kg HES inhibited TNF-␣ and MIP-2 the most. MFG at all doses studied could not suppress the expression of these mediators.
Compared with the control group, ICAM-1 mRNA expression (Fig. 4) was significantly elevated in the CLP-challenged group. HES markedly decreased ICAM-1 mRNA levels in a dose-dependent manner, whereas MFG displayed no inhibitory effect on ICAM-1. With regard to this mediator, 30 mL/kg HES showed the highest protective effect.
As shown in Figure 5 , NF-B activation after CLP was significantly enhanced compared with that of the control group. Infusion of HES markedly decreased NF-B activation, especially in the 15 mL/kg group. On the contrary, MFG could not inhibit NF-B activation at any of the investigated doses.
Lung histopathology changes are shown in Figure  6A . CLP (Fig. 6A-4 caused lung injury, alveolar collapse, edema, congestion, thickening of the alveolar-capillary membrane, and neutrophil infiltration, which were not observed in the control group (Fig. 6A-1 ). Thirty milliliter per kilogram HES could alleviate the degree of lung tissue lesion, as shown in Fig. 6A-2 ; that is, there was less alveolar septal thickening, neutrophil infiltration, edema, and alveolar congestion. MFG had no protective effect on rats challenged with CLP ( Fig. 6A-3) . The total lung injury score was significantly lower in the CLP plus HES group compared with the CLP plus saline group, whereas there was no marked difference between the CLP plus MFG group and the CLP plus saline group.
DISCUSSION
In a polymicrobial sepsis model induced by CLP, we have found that (a) both HES and MFG could attenuate pulmonary capillary leakage; (b) HES could display antiinflammatory effects, as reflected by a reduction of TNF-␣, IL-1␤, MIP-2, ICAM-1, MPO activity, lung injury, and NF-B activation, whereas MFG could not; and (c) HES may attenuate capillary leakage by modulating inflammatory mediators, whereas MFG may be related to other mechanisms.
Compared with endotoxin administration, polymicrobial sepsis induced by CLP is a more realistic sepsis model that mimics the physiologic changes in human sepsis and allows more rigorous research into the mechanisms and mediators associated with sepsis. The CLP model of acute lung injury secondary to sepsis is characterized by infiltration of neutrophils into the lungs (11) .
Systemic capillary leakage, an early sign of inflammation after injury, is proportional to the severity of the insult (12) (13) . A histology study in the rat limb by Oz et al. (14) showed that various fractions of HES could reduce abnormal microvascular permeability after ischemia and reperfusion. In addition, HES could protect cellular morphology and reduce myocardial water content after myocardial reperfusion injury (15) . A previous study demonstrated that HES may directly interact with endothelium, characterized as "plugging the leaks," which is likely to mediate changes in capillary wall permeability (5) . In a randomized trial of HES 250/0.45 versus Gelofusine in trauma resuscitation, capillary permeability was lower in the HES-treated patients than in the Gelofusine-treated patients during the first 24 h after admission (16) . However, our data demonstrated attenuation of capillary leakage after MFG infusion, and we further investigated whether this effect was associated with an inflammation response.
Activation of inflammatory mediators, including TNF-␣, IL-1␤, MIP-2, and ICAM-1, is considered to play a major role in the pathogenesis of sepsis. TNF-␣ has been shown to play an important role during CLP-induced septic peritonitis (17) . IL-1␤ shares many of the same effects as TNF-␣, including neutrophil recruitment, stimulation of chemokine release, and upregulation of adhesion molecules (18) . Chemokine levels were markedly increased during the course of septic peritonitis after CLP surgery. Furthermore, ICAM-1 has been shown to be a requirement for neutrophil recruitment after lipopolysaccharide insult (19) . These results seem to parallel our observations that inflammatory mediators were significantly increased after CLP. The transcriptional regulatory factor NF-B is a central participant in modulating the expression of many of the immunoregulatory mediators involved in animal models of inflammatory diseases (20) . We found that NFactivation was increased in CLP-induced sepsis, confirming its important role for directing the transcription of many proinflammatory genes. Neutrophil rolling along the endothelium may initiate a cascade of cellular interactions, resulting in endothelial damage (e.g., capillary leakage) and subsequent development of multiple organ damage (21) . Our data showed that MPO activity, a marker for neutrophil influx, was greatly enhanced. Moreover, neutrophil infiltration was directly displayed in histological observation. All these results showed an activated inflammatory response during sepsis.
Our most important finding was that HES could inhibit inflammatory mediators and neutrophil infiltration, whereas MFG could not. When administered during resuscitation of patients who have experienced trauma, 10% HES significantly reduced the expression of plasma endothelial leukocyte adhesion molecules and ICAM, compared with patients who received 20% human serum albumin and pentoxifylline (21) . Other apparent antiinflammatory manifestations of HES Figure 6 . Lung histological changes. Hematoxylin and eosin stain of representative lung tissue from rats subjected to saline control (A-1) (magnification, ϫ200), CLP-HES (A-2) (magnification, ϫ200), CLP-MFG (A-3) (magnification, ϫ200) or CLP-saline (A-4) (magnification, ϫ200). CLP produced an increase in lung cellularity, septal thickening, and alveolar congestion (A-3, A-4). Such changes are less evident in the CLP-HES rat lung sections (A-2) and are absent in the saline control rat lung sections (A-1). The lung injury score for each group is shown in (B). HES significantly alleviated the severity of lung injury. *P Ͻ 0.05 and **P Ͻ 0.01 vs. CLP plus saline group. Data are mean Ϯ sem of 10 animals. CLP ϭ cecal ligation and puncture; HES ϭ hydroxyethyl starch; MFG ϭ modified fluid gelatin.
include reduced neutrophil chemotaxis, decreased microvascular permeability, and attenuation of the neutrophil respiratory burst (22) . These studies contribute to the literature regarding the antiinflammatory effects of HES. Our results suggested that HES may exert its protective role in capillary leakage by modulating an inflammatory response.
It has been suggested that the different mechanisms controlling fluid and macromolecular permeability can be attributed to differences in size, charge of the molecules, and route of transport. These mechanisms are biophysical. It has further been suggested that HES molecules may act as a sealant to the leaky capillary pores (5) . Our current study demonstrated that HES and MFG may attenuate capillary leakage. As HES has a higher molecular weight than gelatin, it seemed that HES may be more likely to exert its effect on capillary leakage by directly plugging leaky capillary pores. Moreover, HES can decrease inflammatory mediators, neutrophil infiltration, and NF-B activation, indicating that biochemical and cellular mechanisms are involved in its effects on capillary leakage in addition to a biophysical mechanism. MFG, on the other hand, had little beneficial effect on inflammatory response. In an article by Marx et al. (4) , the albumin escape rate was found to be higher in animals with sepsis, but no escape of HES or MFG molecules from the circulation could be demonstrated, and both colloids maintained plasma volume. This finding seems to support our results. The reason MFG molecules do not pass the capillary leak is not yet clear. Colloid oncotic pressure and/or changes in the endothelial or subendothelial matrix proteins' charges could provide the physiological explanation (4) . Future studies are needed to uncover the underlying mechanism.
Clinical studies have suggested that early aggressive intravascular volume resuscitation is beneficial in patients with severe sepsis or septic shock (23) . There is some evidence that early and aggressive intravascular fluid resuscitation can reduce the inflammatory response and limit capillary leakage (24) . In a prospective clinical trial, fluid management reduced extravascular lung water, ventilator days, and intensive care unit days in critically ill patients requiring pulmonary artery catheterization, indicating that intravascular fluid resuscitation remains one of the most important interventions in septic shock (25) . Using a porcine septic shock model with concomitant capillary leakage, Marx et al. found that HES could preserve systemic hemodynamics and oxygenation, such as maintaining plasma volume, and could significantly increase cardiac output and tissue oxygenation when compared with Ringer's solution, administered in the early phase of sepsis (24) . It is quite clear in our present observation that HES displayed antiinflammatory effects. However, HES may display a better intravascular volume effect than MFG because of its higher molecular weight. In addition, because hemodynamic evaluation is insufficient and the effects of HES are dose related, it is not certain that the effects are not primarily the result of better global hemodynamic effects. Additional studies are required to test the efficacy of HES on more hemodynamic variables.
Synthetic colloids are widely used in anesthesia and intensive care to preserve a normal intravascular volume. There is, however, debate regarding which synthetic colloid should be used (2, 5) . HES and MFG were shown to have beneficial effects on capillary leakage in our study. However, HES but not MFG could alleviate an inflammatory response. Despite this, we could not exclude a role of MFG during sepsis. Both substances constitute effective plasma volume therapy to improve tissue perfusion and maintain stable hemodynamics.
Collectively, HES and MFG could attenuate pulmonary capillary leakage in a rat sepsis model induced by CLP. Compared with MFG, HES could decrease inflammatory mediators, suppress neutrophil activation, and inhibit NF-activation. Therefore, HES may attenuate capillary leakage by modulation of an inflammatory response, whereas this is not true of MFG.
